Key Words mantle geochemistry, plumes, ocean island basalts, mantle heterogeneity, seismology, noble gases, layered mantle, trace elements, radiogenic isotopes s Abstract Observations of the geochemical diversity of mid-oceanic ridge and ocean-island basalts have traditionally been attributed to the existence of large-scale mantle heterogeneity. In particular, the layered convection model has provided an important conceptual basis for discussing the chemical evolution of the Earth. In this model, a long-term boundary is assumed between a well-mixed and depleted upper mantle and a heterogeneous and more primitive lower mantle. The existence of high He in ocean-island sources has been used to argue for the preservation of a primitive component in the deep mantle. Nevertheless, a primitive deep layer is difficult to reconcile with the abundant lithophile isotopic evidence for recycling of oceanic crust and the lack of preservation of primitive mantle. In addition, the widespread acceptance of geophysical evidence for whole mantle flow has made straightforward application of the layered convection model problematic. Model calculations show that whole mantle convection with present day heat flow and surface velocities is sufficiently vigorous to mix large-scale heterogeneity to an extent that is incompatible with the geochemical observations. Several concepts have been proposed in recent years to resolve the apparent conflicts between the various observational constraints and theoretical interpretations. The suggestions include the presence of deeper layering, preservation of highly viscous blobs, core mantle interaction, and strong temporal variations in mantle dynamics. Although these models generally appear to solve parts of the puzzle, at present no single model is able to account for all of the major observations. The reconciliation of conflicting evidence awaits improvements in observational and experimental techniques integrated with better model testing of hypotheses for the generation and destruction of mantle heterogeneity.
He in ocean-island sources has been used to argue for the preservation of a primitive component in the deep mantle. Nevertheless, a primitive deep layer is difficult to reconcile with the abundant lithophile isotopic evidence for recycling of oceanic crust and the lack of preservation of primitive mantle. In addition, the widespread acceptance of geophysical evidence for whole mantle flow has made straightforward application of the layered convection model problematic. Model calculations show that whole mantle convection with present day heat flow and surface velocities is sufficiently vigorous to mix large-scale heterogeneity to an extent that is incompatible with the geochemical observations. Several concepts have been proposed in recent years to resolve the apparent conflicts between the various observational constraints and theoretical interpretations. The suggestions include the presence of deeper layering, preservation of highly viscous blobs, core mantle interaction, and strong temporal variations in mantle dynamics. Although these models generally appear to solve parts of the puzzle, at present no single model is able to account for all of the major observations. The reconciliation of conflicting evidence awaits improvements in observational and experimental techniques integrated with better model testing of hypotheses for the generation and destruction of mantle heterogeneity.
INTRODUCTION
Historically, the two-layer mantle model has worked well to explain the main geochemical observations regarding the mantle distribution of radiogenic heat sources, noble gas and trace element concentrations, and the provenance of oceanisland and mid-oceanic ridge basalts. This conceptual model is implicit in almost all geochemical literature addressing the distribution of trace elements and the evolution of the mantle. However, the recent widespread acceptance of the various geophysical evidence for whole mantle convection and improved geochemical observations make a reevaluation of mantle mixing models necessary. We are facing the major challenge of reconciling the geochemical constraints for isolated mantle reservoirs with the geophysical observations of whole mantle convection. The fundamental rethinking of the role of the mantle convective system makes an update and expansion of previous review papers (Zindler & Hart 1986 , Silver et al. 1988 , Carlson 1994 , Hofmann 1997 timely.
PHYSICAL AND CHEMICAL OBSERVATIONS OF MANTLE HETEROGENEITY

Geochemical Observations Supporting Models of Layered Mantle Convection
The long-term chemical heterogeneity of the mantle was demonstrated by the earliest surveys of radiogenic isotopes in oceanic basalts (Faure & Hurley 1963 , Hedge & Walthall 1963 , Gast et al. 1964 . Subsequent detailed studies, particularly at Iceland (e.g., Hart et al. 1973; Schilling 1973 Schilling , 1975 Zindler et al. 1979; Poreda et al. 1986 ), revealed several fundamental geochemical differences between mantlederived magmas erupting at ridges and hot spots. These differences were consistent with a fairly simple model, in which the source of mid-oceanic ridge basalts (MORBs) had a prior history of melt extraction to form the continental crust, whereas the variable geochemistry of ocean-island basalts (OIBs) was explained by mixing of the depleted upper mantle with primitive mantle (cf. DePaolo & Wasserburg 1976 , O'Nions et al. 1979 , Allègre et al. 1979 ).
This conceptual model essentially defines three different reservoirs. Primitive mantle is identical to the bulk silicate Earth (BSE), which is the bulk Earth composition minus the core. Survival of a primitive reservoir requires therefore that it has remained a closed chemical system since the early accretion and differentiation of the Earth. Continental crust is the product of melt extraction from a portion of the original primitive upper mantle, which left the depleted upper mantle as the third reservoir.
The interpretation of noble gas isotopes has historically formed a compelling case for the preservation of primitive material in the mantle system. Because noble gases are highly incompatible and volatile, they are expected to be heavily outgassed during melting. Although heavier noble gases from the atmosphere may He from selected mid-ocean ridges, ocean islands, continental hot spots, and the Cameroon volcanic chain after Barfod et al. (1999) . This figure illustrates the homogeneity of the worldwide mid-ocean ridge 4 He/ He (higher R/R a ) and have been used as one of the principal pieces of evidence to support a layered mantle system. form a small subducted component (e.g., Porcelli & Wasserburg 1995a) , He is lost from the atmosphere with a half-life of some 10 6 years (e.g., Allègre et al. 1987 , Torgersen 1989 and cannot be recycled. Although 4 He in the mantle is dominated by the α-decay of U and Th, 3 He is not produced in significant amounts by radioactive processes.
3 He emissions at mid-ocean ridges and hot spots can only be accounted for by the preservation of a volatile component in the mantle since its formation. Many hot spots have higher 3 He/ 4 He ratios than the almost uniform mid-ocean ridge values (Figure 1 ). We follow the common convention to define R = 3 He/ 4 He and express this value as a ratio to the present day value of air (R a ). The observation of high R/R a has been used to argue for a primitive volatile rich source for these hot spots (Kurz et al. 1982 , Allègre et al. 1987 , O'Nions 1987 . It has often been an assumption to equate this primitive volatile-rich source to a primitive mantle reservoir, as the preservation of 3 He and associated primitive noble gases such as Ne (Honda et al. 1991 , Poreda & Farley 1992 appears to require isolation from surface melting.
The concentration and flux of noble gases provide additional constraints on understanding noble gas evolution in the mantle. The MORB source mantle He concentration can be calculated from the observed 3 He flux of ∼1000 Mol 3 He/year 496 VAN KEKEN HAURI BALLENTINE into the oceans (Lupton & Craig 1975 , Farley et al. 1995 , combined with the average production of basalt at ridges (Parsons 1981) and an assumption of the extent of MORB melting. An estimate of 20% partial melting at mid-oceanic ridges gives a MORB source mantle He concentration of 1.3 × 10 9 atoms 3 He/g. O'Nions & Oxburgh (1983) noted that the rate of outgassing of the associated radiogenic 4 He was similar to the amount produced in the MORB-source above 670 km. This flux is far lower than that predicted from the surface heat flow component produced by total mantle U + Th decay. The imbalance was explained by a boundary layer at 670 km that allowed heat but very little 4 He to pass through from a deeper radioelementrich reservoir. These workers further suggested that this deep layer provided the source of the 3 He required to buffer the extensively outgassed upper mantle. A steady state model assuming diffusion of He only through this boundary layer was presented by Allègre et al. (1987) . Concurrent work on the difference between the U/Th ratio derived from the Pb and Th isotopes in OIB and MORB resulted in a model that postulated a small but significant mass flux from the lower mantle into the upper mantle (Galer & O'Nions 1985) . This in turn prompted the formulation of a similar steady state concept for the noble gases, with an advective transfer from the lower to upper mantle formulated first for He (Kellogg & Wasserburg 1990) ; followed by Ne and Ar (O'Nions & Tolstikhin 1994) ; and an elegant and complete formulation for He, Ne, Ar, Kr, and Xe that includes consideration of a return subduction flux for the heavy noble gases (Porcelli & Wasserburg 1995a,b) .
The steady state models enable the 3 He concentration in the lower mantle to be calculated with the assumption that the lower mantle has primitive (or BSE) U + Th concentrations and has essentially remained a closed system for 4.5 Ga. From an assumed initial solar 3 He/ 4 He ratio of 120R a , this reservoir has evolved to the observed 3 He/ 4 He ratio of ∼35R a , which is equal to the highest values observed at both Hawaii and Iceland. This predicts a present day concentration of ∼7 × 10 10 atoms 3 He/g in the lower mantle (Allègre et al. 1987 , Kellogg & Wasserburg 1990 , O'Nions & Tolstikhin 1994 , Porcelli & Wasserburg 1995a ). This value is substantially higher than that of the MORB source and compares with the range found in CI chondrites of 7 × 10 11 to 10 14 atoms 3 He/g (Mazor et al. 1970) . A separate requirement for some form of compositional stratification in the mantle comes from consideration of Earth's heat loss and its radiogenic heat budget. Expressed in terms of the present day heat production, the BSE budget of U, Th, and K generates 19 TW (Van Schmus 1995). About 6-8 TW can be accounted for by the radiogenic heat production in the continental crust (Rudnick & Fountain 1995) . The MORB-source is strongly depleted and would produce only ∼3 TW if it would occupy the entire mantle. This suggests a storage of radiogenic heat producing elements below the continental crust and MORB-source, possibly in a layer in the deep interior. A separate and more indirect argument is based on the heat balance. The present heat loss of 44 TW (Pollack et al. 1993 ) minus the BSE heat production and a reasonable estimate for the core mantle boundary heat flow of 3-7 TW (Buffet et al. 1996 ) leaves approximately 17-22 TW for secular cooling of the mantle, which translates to an average cooling rate of 110-130 K/Ga 497 (e.g., Van Keken et al. 2001) . This is much higher than the change in upper mantle temperature that is inferred from the geological record (up to 50 K/Ga; Abbott et al. 1993) . A possible solution to this discrepancy is that past radiogenic heating is buffered in the deep mantle and not released efficiently to the surface (McKenzie & Richter 1981) . This again requires some form of barrier to mantle flow.
In summary, noble gases support the existence of a significant reservoir in the mantle that has preserved high concentrations of volatiles since the formation of the mantle. Mass and heat balance considerations add weight to the idea of long-term preservation of an isolated and large reservoir. The simplest model to explain these observations is through layered mantle convection with almost perfect isolation between the top and bottom parts of the mantle. Although the layered model has been a useful abstraction of the mantle system, it has become increasingly clear that strict application of this model leads to substantial conflicts with various lines of geochemical and geophysical evidence. In the next sections, we review the evidence that necessitates a substantial reworking of the layered mantle model, first, by discussing tests of layered model predictions of lower mantle He, followed by the mantle mixing evidence from lithophile elements and an overview of the geophysical evidence for whole mantle flow. Allègre et al. 1979 , Kurz et al. 1982 . The complement of this idea is that the undegassed and primitive volatile-rich component corresponds to the actual preservation of primitive mantle. However, several lines of evidence do not support this assumption. For example, within the assumption of layered convection, the noble gas data alone would appear to constrain the amount of exchange between the upper and lower mantle of 2%-4% over the age of the Earth, which is significantly less than that indicated by the Sr-Nd-Hf-Pb isotopes (∼10%; Allègre 1997). More significantly, many studies have contributed to the recognition that most geochemical observations are not compatible with the preservation of primitive mantle. These include estimates of OIB-source 3 He concentrations that do not support the layered model predictions, the identification of enriched components in OIB sources, the widespread distribution of mantle sources (in both space and time) with homogeneous and nonprimitive ratios of key trace elements, and the recognition of a history of melt depletion in the high 3 He/ 4 He mantle source.
PRESERVATION OF PRIMITIVE MANTLE?
Helium Concentrations in the OIB-Source
A fundamental prediction from the layered mantle model is that the OIB-source is helium-rich and has a concentration of approximately 7 × 10 10 atoms 3 He/g. It has 498 VAN KEKEN HAURI BALLENTINE been widely noted that OIB samples in general contain lower gas concentrations than MORB (see review in Farley & Neroda 1998 He/g, Torgersen 1989 ). This must be considered a minimum because of the effects of basalt degassing. Closed system vesiculation and subsequent loss provides an explanation for both noble gas, CO 2 , and N 2 patterns in a gas-rich MORB glass sample (e.g., Sarda & Graham 1990 , Javoy & Pineau 1991 , Pineau & Javoy 1994 . He, Ne, and Ar abundances that are corrected for atmosphere contamination (e.g., Ballentine & Barfod 2000 in a more extensive filtered MORB data set also reflect closed system vesiculation and subsequent gas loss (Moreira & Sarda 2000) . The lower melt fraction, greater mean depth of melting, and shallower mean eruption depth at hot spots compared to mid-oceanic ridges result in a different style of degassing. Moreira & Sarda (2000) show, for example, that a filtered OIB data set agrees better with an open system Rayleigh degassing model. From model calculations, He concentrations in the OIBs are reduced by only 10% during the period of open system degassing. To account for the observed range in He concentrations, Moreira & Sarda (2000) propose that a secondary and unfractionating gas loss process also occurs. In this context, the highest observed concentrations place a lower limit on original magma (1.3 × 10 10 atoms 3 He/g) and OIB source (0.09 × 10 10 atoms 3 He/g) concentration. The latter is 74 times lower than the layered mantle prediction.
The third approach to determine the OIB source He systems (Ballentine et al. 1997 , Barfod et al. 1999 are not simple DMM. Some systems in ridge-centered hot spots, such as Iceland, can be ascribed to DMM-plume mixing. Hilton et al. (2000) Pb correlation across the deeper section of the Reykjanes ridge to show that this defines a mixing line where K = 1 (Figure 2 ). In the limiting case where the Pb concentration of the plume is the same as that of DMM (Pb ∼0.05 ppm), it follows that He plume = He DMM . The 3 He/ 4 He of the plume end-member is four times higher than the DMM component, and consequently, the 3 He concentration in the plume is at least four times higher than of the DMM source and has a 3 He concentration of 0.5 × 10 10 atoms 3 He/g (14 times lower than the layered mantle estimate). Because each technique of 3 He determination is subject to significant uncertainty, we have taken the approach of identifying the minimum OIB-source concentrations. Clearly, the CO 2 flux may undergo significant temporal variance (e.g., Hilton et al. 1998) . Similarly, identification of the process causing secondary gas loss in OIB samples may enable sample types or collection procedures to be identified that return yet higher He concentrations. In the mixing determinations, the plume-source Pb concentration remains unknown. For example, assumption of primitive mantle concentrations (Pb = 0.185 ppm) increases the 3 He concentration estimate by a factor of 3.7 (Hilton et al. 2000) . There has been no attempt to test the statistical acceptability of higher mixing constants, and therefore higher 3 He concentrations, without discarding data. Furthermore, we cannot discount the possibility that the OIB source has undergone gas loss before mixing. By themselves, none of these approaches can rule out the possibility of an OIB source with 3 He concentrations compatible with the layered mantle model. Nevertheless, three independent and different approaches define a coherent picture of minimum OIB 3 He concentrations that are over an order magnitude smaller than the predicted layered mantle model value. It is entirely possible that the OIB source has 3 He concentrations only marginally higher than the MORB source.
Enriched Mantle Sources
Geochemical studies of oceanic basalts at several hot spots such as Walvis RidgeTristan (e.g., O'Nions et al. 1977 , Richardson et al. 1982 , White & Hofmann 1982 , Hawaii (e.g., Stille et al. 1983; Roden et al. 1984 Roden et al. , 1994 , Pitcairn (e.g., Woodhead & McCulloch 1989) , Samoa (e.g., White & Hofmann 1982 , Palacz & Saunders 1986 , Wright & White 1987 , and Cook-Australs (e.g., Palacz & Saunders 1986 , Nakamura & Tatsumoto 1988 , Woodhead 1996 have demonstrated the existence of enriched mantle components whose time-integrated Rb/Sr, Sm/Nd, and/or U + Th/Pb ratios were actually higher than primitive mantle. An important implication of these studies was that the apparent primitive compositions could be explained simply as various mixtures of enriched and depleted sources. Further survey work on hot spots revealed a large number of distinct hot spot components, which could be circumscribed by a small number of mantle 500 VAN 
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Figure 2
Assumed two component mixing between MORB-source mantle and the Iceland plume source after Hilton et al. (2000) . Samples are distinguished by location on the Reykjanes Ridge (diamonds are south of 58.26
• N, circles between 58.26
• and 61.3
• N, and squares north of 61.3
• N). Bracketed samples are excluded by Hilton et al. (2000) from mixing consideration, as are samples north of 61.3 • N that have shallow eruption depth and high water content. A linear plot defines a mixing constant with K = 1 (r 2 = 0.87, n = 18) and therefore a 3 He concentration in the Iceland plume source that is at least four times higher than the MORBsource mantle (see text). Mixing constants with K > 1 can be fit to the data, but this requires the exclusion of all data from samples south of 58.26
• N.
end-members with enriched geochemical signatures (cf. White 1985 , Zindler & Hart 1986 , Allègre et al. 1987 . Zindler & Hart (1986) showed that the entire isotopic database for the oceanic mantle could be described by the DMM and three enriched components (EM1, EM2, HIMU), with all other compositions created by mixing. Hart (1988) reviewed the possible mixing relationships between these various components. Parallel work on mantle xenoliths and peridotite massifs from the continental lithosphere revealed evidence for melt-fluid-rock interactions (so-called mantle metasomatism) that can create enriched compositions whose current (or time-evolved) isotopic compositions resemble many of the enriched mantle end-members (cf. Zindler & Hart 1986 and references therein). Although these studies rarely showed any regional systematics or correlations, and displayed unusually large-amplitude heterogeneity at small spatial scales, it was apparent that none of these mantle samples had the composition of primitive mantle. Even mantle samples with apparently unmodified major element compositions have trace element and/or isotopic compositions quite unlike primitive mantle (Jagoutz et al. 1979; Zindler & Jagoutz 1988a,b; Galer & O'Nions 1989) .
Constancy of Nb/U and Ce/Pb
Hofmann (1986) and Newsom et al. (1986) were the first to show that some trace element ratios in oceanic basalts are both constant and nonprimitive. The abundances of Nb, U, and Ce in the primitive mantle can be accurately estimated from their abundances in chondritic meteorites, and the Pb content of the primitive mantle is constrained from the U abundance and the well-understood isotopic evolution of Pb in the Earth. Constant values of Nb/U and Ce/Pb in mantle basalts derived over a large range in melting extent show that these elements behave in ways essentially identical to one another during partial melting, and thus represent the ratios of the mantle source. Constant values would be expected for an unmodified primitive mantle that is preserved over time, but the observed ratios are distinctly nonprimitive. Similarly, Sn is moderately siderophile with respect to Sm, but the Sn/Sm ratio is not fractionated during crust formation processes. Consequently, the observed Sn/Sm, which is lower than the primitive value, indicates that all mantle reservoirs have undergone a similar degree of fractionation caused by core formation processes (Jochum et al. 1993) . Studies of ancient basalts and komatiites (Jochum et al. 1991 (Jochum et al. , 1993 have shown that these constant ratios persist back at least 3.4 billion years. Mass balance considerations show that the conjugate budget of these elements resides largely in the continents, and the combined observations favor formation of the bulk of the Earth's continental crust in the first billion years of Earth history (Hofmann 1988) . A fundamental conclusion of these studies is that no reservoir currently exists on the Earth that yields Nb/U, Nb/Th, or Ce/Pb ratios similar to that of the primitive mantle.
The Depleted Nature of the High-
He Source
Several studies show clear correlations between He and the lithophile Sr-Nd-Pb isotopes (Kurz & Kammer 1991; Graham et al. 1992 Graham et al. , 1996 Farley et al. 1992; Eiler et al. 1998; Kurz & Geist 1999; Barfod et al. 2001) . Importantly, these studies vanquished the persistent suggestion from xenolith work that He was somehow decoupled from other isotopes during melt generation. At the same time, Hart et al. (1992) made an important reevaluation of mixing arrays among hot spots. The accumulation of isotope data (including 3 He/ 4 He) on increasing numbers of hot spot basalts allows three new observations that lead to the recognition that all hot spots are geochemically heterogeneous. The first observation is that each hot spot can be described (to first-order) as a mixture of an enriched and a depleted component; mixing arrays for individual hot spots are roughly linear in Sr-Nd-Pb isotope space. Second, all hot spots share a common depleted component that does not have the composition of the MORB source. This source was termed FOZO by Hart et al. (1992) , and its appearance at hot spots around the globe requires either a single widespread component and/or a fundamentally important process coupled to the formation of hot spots (Hauri et al. 1994) . Finally, the increased amount of helium isotope data allowed Hart et al. (1992) He component were one and the same (Figure 3) . Similar conclusions were reached by Hanan & Graham (1996) from a compilation of studies of hot spot-influenced mid-ocean ridges. These systematic observations showed that oceanic basalts with high 3 He/ 4 He ratios were nonprimitive by every other geochemical measure and in fact retained an isotopic history of depletion in Sr and Nd isotopes. The best estimate of the isotopic composition of the high-3 He/ 4
He (FOZO) component is provided by Hauri et al. (1994) , who show that the Sr-Nd isotope signature of FOZO is clearly depleted compared to primitive mantle, but not as depleted as that of the MORB source ( Figure 4) .
The evidence based on lithophile elements presented thus far suggests the possibility that mantle geochemistry is dominated by plate tectonic recycling of altered oceanic crust with minor additions from the continental lithosphere and possibly a primitive volatile source that may or may not reside in the mantle. This raises an intriguing question: How well does this model interpretation stand up to further tests based on the application of other isotopic measurements? Zindler & Hart (1986) , Hart et al. (1992) , and Hauri et al. (1994) , has not required expansion or revision with the addition of data from these other isotope systems over the past decade (Hofmann 1997) . However, new osmium and oxygen isotope data on the mantle Os system a direct tracer of the addition of mafic crust or melt to a mantle source (Hauri & Hart 1993) , and Os isotopes have consequently been used to trace the involvement of recycled mafic crust in the sources of hot spots (see references in Shirey & Walker 1998) . Seawater contamination and posteruptive radiogenic growth of 187 Os have unfortunately complicated similar studies of MORB and as a consequence the Os isotope composition of the oceanic upper mantle is best characterized by data on seafloor peridotites (Roy-Barman & Allègre 1994 , Snow & Reisberg 1995 .
SMOKING GUNS FOR SLAB RECYCLING: RE-OS AND OXYGEN
The relative abundances of oxygen isotopes are dominated by low-temperature mass-dependent fractionation processes and in particular water-rock interactions (Eiler 2001) . Recent technical advances using laser-based heating have significantly improved the accuracy of oxygen isotope analyses of silicates, resulting in precise estimates of the homogeneity of oxygen isotopes in upper mantle peridotite (Mattey et al. 1994) . One of the results of these improvements, realized only in the past decade, has been a recognition that δ
18
O data for oceanic basalts correlate with trace element abundances and radiogenic isotope tracers such as Sr, Nd, Pb, and Os isotopes (Eiler et al. 1997) . The oxygen isotope variations directly trace those parts of the mantle that have interacted with water at or near the Earth's surface. Together, osmium and oxygen isotopes provide powerful tracers for the recycling of subducted crust into the sources of MORB and OIB (e.g., Lassiter & Hauri 1998 , Eiler et al. 2000 .
Osmium isotope data for oceanic rocks are shown in Figure 6 with corresponding Pb isotope data. These data show several defining characteristics. First, all of the OIB mixing arrays converge toward the FOZO component rather than the upper mantle, confirming the mixing topology emphasized by Hauri et al. (1994 (Eiler et al. 1997) .
From these data, several observations emerge. Each hot spot data array in Figures 3 and 6 He, which can be identified as recycled mafic crust. Variations in the Sr, Pb, and O isotopic composition of these enriched components Os/ 188 Os for peridotites (lherzolites, harzburgites, dunites) and mafic rocks (basalts, pyroxenites, eclogites). Note the change in scale in (B). The clear separation of Re/Os ratio between mantle and crustal rocks translates into large differences in Os isotopes with time. The peak in the distribution for mafic rocks in (B) is dominated by OIB, which are thought to derive from mixed peridotite-mafic sources (Hauri & Hart 1993 , Hauri 1996 . can be explained by the presence or absence of hydrous alteration and/or sedimentary cover. As a result, the hot spot data are not simply random mixtures of five mantle components, but instead are consistent with each hot spot containing a recycled mafic component that is likely to reflect a unique combination of water-rock alteration, subduction-zone processing, and aging in the convecting mantle.
Taken to its logical conclusion, this model implies both a complication and simplification of the five-component models of White (1985) , Zindler & Hart (1986) , and Hauri et al. (1994) . Complexity arises because the strict number of mantle "components" is probably equal to the number of hot spots that display enriched isotopic signatures. Three oceanic examples of the EM1 end-member are expressed at the islands of Tristan da Cunha, Oahu (Hawaii), and Pitcairn. Basalts from each of these islands have similar Sr, Nd, and Pb isotope ratios, but distinct differences in δ 18 O (Eiler et al. 1997 , Harris et al. 2000 that strictly argue for different origins. If similar differences exist among other geochemical end-member examples, then it is not likely that the complete spectrum of isotopic heterogeneity can be described simply by mixing of a limited number of end-members.
One simplification is that whereas the true number of mantle components appears to be large, all hot spots display elevated 187 Os/
188
Os which requires involvement of mafic sources; a likely origin for these mafic sources is subduction of oceanic crust. A Re-Os mass balance between the depleted upper mantle and continental crust shows that this latter reservoir contains only 10% of the amount of Re depleted from the upper mantle, a discrepancy that can be balanced by assuming a reservoir of oceanic crust in the mantle that amounts to 4%-10% of the mantle mass (Hauri & Hart 1997 Os are the obvious expression of this recycled crustal reservoir. As a result, the classical end-members EM1, EM2, and HIMU are probably not end-members in actual mantle composition but rather reflect end-members in geologic processes that can be identified in the oceanic plate tectonic cycle, such as crust formation, hydrous alteration, sediment addition, and subduction. This may be one reason why large-scale geophysical and geochemical anomalies such as the DUPAL anomaly (Hart 1984) correlate well with mantle return flow constrained by the prior history of subduction over the past 120 Ma (Castillo 1988 , Lithgow-Bertelloni & Richards 1998 .
Mixing Arrays and Mantle Concentrations
Data arrays in isotopic space usually reflect mixing between distinct mantle or melt components, and in certain cases these data arrays can be constrained by mixing relationships that result in curved mixing trajectories. The sense and degree of curvature is related to differences in the elemental abundance ratios of the two mixing components (cf. Langmuir et al. 1978) , and as such, they can be used to estimate the relative abundances of Sr, Nd, Pb, He, and Os in various MORB and hot spot components. For isotopes of Sr, Nd, Pb, and Hf, mixing arrays are usually (but not always) sublinear, indicating similar relative abundances of these elements among all mantle components. For helium, such mixing calculations usually suggest an apparent He depletion in the high-3 He/ 4
He FOZO component when the calculations assume MORB as an end-member (Kurz et al. 1982 (Kurz et al. , 1987 Farley et al. 1993 ). This paradox can be explained if (a) the mixing arrays represent mixing of melts, and (b) if plume magmas degas more than MORB magmas prior to mixing. This paradox may also be resolved if MORB is not an end-member. For Os, mixing arrays tend to be sublinear but allow low Os concentrations in the enriched sources, which is consistent with the presence of low-Os recycled crust (Hauri 1996 .
In order to estimate He or Os concentrations from isotopic mixing arrays, assumptions must usually be made about similarity in the relative abundances of Sr, Nd, or Pb in the two mixing end-members. Such assumptions may not be valid if the mixing components are lithologically very different (e.g., peridotite, recycled mafic crust, sediment) or if the mixing arrays reflect mixing of melts from sources with various proportions of these components. In this context, oxygen isotopes play a key role because the abundance of oxygen varies little (±15%) among various lithological components and can thus be assumed with confidence (James 1981) . Mixing relationships with oxygen isotopes should thus directly constrain the absolute abundances of various elements in the end-members of mixing arrays. Hawaii is the only hot spot that has a sufficiently complete data set to perform such a calculation, and the results indicate that the Loihi component (high 3 He/ 4 He) contains higher Os contents than does the enriched Koolau component, consistent with the latter being a manifestation of recycled oceanic crust (Hauri 1996 , Eiler et al. 1996 , Lassiter & Hauri 1998 . However, the He-O correlations do not strongly constrain He concentrations.
The reevaluation of mixing arrays and the identification of a subduction component in hot spot basalts push toward whole mantle convection, rather than layering in the strict sense. Until recently, the geophysical observations of mantle structure would permit a layered model with a boundary at 670 km because of the presence of a strong seismic reflector and the cessation of earthquakes at that depth. The next section provides a review on how the geophysical picture of the mantle has changed in recent years, which also suggests a departure from the layered model to a form of whole mantle convection that allows for preservation of long-lived heterogeneity.
GEOPHYSICAL OBSERVATIONS SUGGESTING WHOLE MANTLE FLOW
In the traditional layered mantle convection model, the strong seismic reflector at 670-km depth has generally been assumed to be the flow barrier. The strong density contrast (10%) and sharpness (less than 10 km; Paulssen 1988) support the interpretation of the 670-km discontinuity as a major chemical discontinuity. Improved experimental mineral physics has provided an important alternative view. For example, diamond anvil studies on the phase transformations in the Mg 2 SiO 4 -Fe 2 SiO 4 system at 1600
• C identified the breakdown of the spinel phase into the denser perovskite and magnesiowüstite phases at 23 GPa (Ito & Takahashi 1989) . More importantly, the experiments showed a very narrow transition between the phases, which is consistent with the seismological observations (Paulssen 1988) . This effectively removes the need for a major chemical discontinuity in the Earth.
Vast improvements in observational geophysics have further reduced the viability of a present-day chemical barrier in the lower transition zone. In the past decade, a consensus for some form of whole mantle flow has emerged, where slabs drive the large-scale flow and penetrate to the deep mantle, if not to the core-mantle boundary. Of particular interest for the development of this model are observations of the fate of slabs after subduction. The cold, dense slabs provide the main driving force for mantle convection, and hence, the geometry of subducting slabs provides the main indication for the geometry of the overall mantle flow. Early efforts to constrain the flow used the distribution and source mechanisms of earthquakes in Wadati-Benioff zones. Traditionally, the termination of earthquakes at 670 km and the compressive nature of deep earthquakes (Isacks & Molnar 1971) have been used in support of the layered mantle convection model. Yet, the Wadati-Benioff zones are fairly linear belts in most subduction zones down to the maximum depth of seismicity which would be better explained with continued penetration of slabs into the lower mantle (e.g., Davies 1980) . The cessation of the earthquakes below 670-km depth is then associated with low yield stress of the lower mantle (Karato 1989) . The seismicity data consequently permit a model of whole mantle convection where slabs encounter some form of resistance going into the lower mantle. Several seismological studies supported the existence of aseismic extensions of upper mantle slabs to at least 1000-1200-km depth based on travel time perturbations (Creager & Jordan 1984 , 1986 ) and waveform complexity (Silver & Chan 1986) . Early global tomographic models (Dziewonski 1984 , Dziewonski & Woodhouse 1987 showed a distinct pattern of high velocity in the deep mantle that could be caused by ancient slabs flattening at the base of the mantle. Model interpretations of the geoid and gravity above subduction zones showed that the geodetic signal could be explained well by slabs penetrating through the 670-km boundary with a viscosity increase into the lower mantle by a factor of 30-100 (Hager & Richards 1989) . Similar suggestions for a high viscosity lower mantle arrive from geodynamic inversions (e.g., Mitrovica & Forte 1995) . It is interesting to note that a model of mantle circulation, based on a reconstruction of past plate motions, can explain the global seismic tomography quite well when it is assumed that the lithosphere and lower mantle are more viscous than the upper mantle by approximately one or two orders of magnitude (Lithgow-Bertelloni & Richards 1998) . This suggests that the large-scale structure of mantle convection could be largely determined by the sinking of slabs into a higher viscosity lower mantle.
The advances in high-resolution seismic tomography have been of particular interest in the discussion about the present-day convective state of the mantle. The quality of these models has been vastly improved in recent years by techniques that make use of detailed waveform modeling (Grand 1994) , variable grid spacing (Fukao et al. 1992 , Bijwaard et al. 1998 , precise relocations of hypocenters (Van der Hilst et al. 1997 , or combinations of various forms of seismological data to constrain both short and long wavelength seismic velocity variations (Ritsema et al. 1999) . The tomographic models generally show linear features with high velocity in the lower mantle that correlate well with locations of past and present subduction (Figure 7) . In some cases, such as at Tonga, buckling and retarding of the slab in the lower transition zone is visible, but in general, the 670-km discontinuity does not appear to prohibit slab penetration. This interpretation has been strengthened by the good agreement with paleogeographic reconstructions in several locations (e.g., Van der Voo et al. 1999) . The fate of slabs in the lowermost mantle is still unclear. On the one hand, the high velocities observed near the core-mantle boundary under the convergent margins around the Pacific and below the Tethys suggest that slabs penetrate to this depth and flatten to form a "slab graveyard" (e.g., Wysession et al. 1995) . On the other hand, most tomographic models show slabs fading out before they reach the lowermost mantle. This has been interpreted as being caused by a physical barrier to flow (Van der Hilst & Kárason 1999) , although the interpretation is complicated by the relatively low resolution of tomographic structure in the lowermost mantle (e.g., Kárason & Van der Hilst 2001) .
Seismological observations can also put constraints on the form of the return flow away from the slabs. The seismic signal associated with mid-oceanic ridges is generally found to be shallow (Zhang & Tanimoto 1992) , and it is reasonable to assume that these divergent margins are passive features that form in response to the downward flow induced by the slabs. Active plume-like upwellings are suggested to underlie most regions of hot spot volcanism. So far, it has been difficult to image these upwellings seismically (Nataf 2000) , but recent studies may have started spotting plumes in the upper (Wolfe et al. 1997 , Shen et al. 1998 and lower mantle , Goes et al. 1999 , Ritsema et al. 1999 ; Figure 8 ). Of interest for deep Earth dynamics is the observation that the lowermost mantle under Africa and the Pacific is anomalous in shear velocity and density structure (e.g., Su et al. 1994 , Ishii & Tromp 1999 . Although the magnitude or even sign of correlations between velocity, density, and temperature is not yet clear (Masters et al. 2000 , Romanowicz 2001 ), it appears that these regions are active upwellings that may be chemically distinct from the bulk of the lower mantle (Lithgow-Bertelloni & Silver 1998).
Of potential key interest to understand the chemical evolution of the mantle is the D" region that occupies the lowermost 200 to 300 km of the mantle. The structure of this layer has been the focus of a significant seismological effort in recent years (see reviews in Lay et al. 1998 , Garnero 2000 . This region of the mantle is very heterogeneous as expressed in seismic velocity and anisotropy and includes regions such as the ultra-low-velocity zone (Garnero & Helmberger 1998) that may indicate areas of strong core-mantle interaction.
In summary, the geophysical evidence for the present-day state of Earth's internal dynamics points to a form of large-scale convection in which most, if not all, of the mantle participates. This raises an important question. How can such a mantle model be reconciled with the strong geochemical evidence for large-scale heterogeneity?
EVALUATING THE MIXING EFFICIENCY OF MANTLE CONVECTION MODELS
The chemical structure of the mantle is altered dynamically by the creation and destruction of heterogeneity. Creation involves processes such as differentiation by melting, hydrothermal alteration of oceanic crust, subduction of sediments, and potentially interaction between the core and the mantle. Destruction of heterogeneity occurs by mixing, which depends critically on the vigor and planform of convection. Modeling of the efficiency of mixing provides a useful tool to investigate the feasibility of conceptual models of mantle structure and dynamics.
In a convective medium, mixing of two fluids occurs by stretching and folding of surfaces (Ottino 1989) . In general, it is found that the surface area surrounding a given volume increases exponentially with time, with a growth rate that depends on convective vigor (Batchelor 1952 , Ottino 1989 . Hoffman & McKenzie (1985) modeled this stretching behavior using 2D models of mantle convection at moderate convective vigor and argued, by extrapolation, that whole mantle convection would destroy substantial heterogeneity well within the lifetime of the Earth. As a consequence, they favored a layered model of mantle convection to isolate large portions of the mantle from efficient mixing. Of particular interest is how variations of rheological and thermodynamical parameters in the mantle affect this conclusion. Gurnis & Davies (1986) argued that the inferred high viscosity of the lower mantle makes the lower portions of the mantle poorly mixed, whereas the upper mantle could be well mixed by plate tectonics.
In the past decade, we have seen renewed interest in mixing studies, which has been aided by the large increase in computational capability. This has made it possible to investigate mixing in 2D at Earth-like convective vigor and to start modeling mixing in the more appropriate 3D geometry. Van Keken & Ballentine (1998) provided a test of the hypothesis that a high viscosity lower mantle could be responsible for the low mixing efficiency of the mantle. They considered models that match the convective vigor of the present-day Earth as measured by surface heat flow and plate velocities. By modeling the 3 He/ 4 He evolution of the Earth in a 2D cylindrical model of mantle convection, in which radiogenic ingrowth and surface degassing were taken into account, they concluded that the high viscosity of the lower mantle alone is not sufficient to retard mixing. The preservation of a substantial, more primitive, and poorly mixed reservoir as indicated by the helium isotopes in OIB was not observed, although small-scale heterogeneity could survive over time periods of several hundreds of millions of years. Several independent studies (Ferrachat & Ricard 2001 , Hunt & Kellogg 2001 P. Tackley and G. Davies, personal communication) have reached a similar conclusion.
It is reasonable to assume that the decrease of thermal expansivity and increase of thermal conductivity with depth will cause more sluggish convection in the deeper interior. Also, the endothermic nature of the 670-km phase discontinuity can been used to argue for a partial separation of flow between the upper and lower mantle without requiring variations in bulk chemistry. The mixing behavior of whole mantle convection with phase transitions and depth-dependent expansivity and diffusivity was investigated by Van Keken & Ballentine (1999) . Although the mixing rate in the lower mantle is low compared to that in the upper mantle, the requirement that the convective system is characterized by realistic values for surface heat flow and plate velocities causes the overall mixing to be fairly efficient. As a consequence, it can be argued that some form of chemical layering is still necessary to preserve the observed geochemical heterogeneity.
A similar conclusion was reached by reconsideration of the heat-helium imbalance (O'Nions & Oxburgh 1983), which suggests that proportionally significantly less 4 He is released at the Earth surface compared to the expected flux based on the mantle concentration of U and Th. It is possible that the differences in timescale between processes of rapid extraction of helium at a mid-oceanic ridge and the slow diffusive release of heat along the cooling oceanic lithosphere are responsible for large variations in He/heat. Van Keken et al. (2001) investigated this hypothesis by calculating the heat-He evolution over four Ga using a secular-cooling model of the Earth. By monitoring the release of heat and helium in time, they concluded that although excursions from the mean He/heat to the observed present-day ratio may exist, it would be rather fortunate if the present-day Earth is in such a state given the short duration and long interval between excursions.
An important question concerns the difference between mixing in 2D and 3D, due to the potentially large differences in convection planform and geometric differences in mixing behavior. Schmalzl et al. (1996) investigated the differences between 2D and 3D mixing in isoviscous models at comparable convective vigor. They argued for significant differences in mixing behavior and in particular that mixing in 3D was less efficient than in 2D. It should be noted that these experiments were limited to poloidal flow only. In general, a 3D flow pattern can be decomposed in poloidal and toroidal components. For example, the divergent flow at a midoceanic ridge is poloidal, whereas the strike-slip motion along a transform fault is toroidal. An intriguing demonstration of the influence of toroidal motion was provided by Ferrachat & Ricard (1998) who used a simple kinematically driven box model where the surface velocity was prescribed by a ridge with a transform fault. The mixing efficiency, as evaluated by Luyaponov exponents, showed that models with a transform fault allowed for a separation of the model into a well mixed region and poorly mixed areas that remained isolated from the large-scale flow over long time periods (Figure 9 ). It is important to note that kinematic mixing generally allows for better preservation of heterogeneity compared to fully dynamical models (Christensen 1989) . Van Keken & Zhong (1999) evaluated the mixing efficiency in a 3D spherical model of present-day convective flow that was steady state but dynamically driven, using the slab buoyancy flow model of Lithgow-Bertelloni & Richards (1998) . The resulting model matches the geometry and speed of the present-day plate motions reasonably well by assuming a depthdependent rheology with a 30-fold increase of viscosity into the lower mantle. The combined poloidal and toroidal motion leads to particle paths that in a substantial portion of the mantle have a characteristic cork screw pattern and allow for large distances of transport (Figure 10 ). Similar to the box model of Ferrachat & Ricard (1998) , this model demonstrates the existence of well-mixed regions next to poorly mixed regions. A related illustration of the mixing efficiency of the present day Earth based on the model of Van Keken & Zhong (1999) is provided in Figure 11 , which shows how the Indian plate would be mixed in over time, assuming steady state convective flow. Although poloidal flow dominates the mixing in certain areas such as the Indian Ocean, the toroidal component of surface flow, which is particularly strong near Papua New Guinea, causes large-scale disruption of the plate and efficient transport of material into the Pacific circulation zone. Nevertheless, it is questionable if the type of isolation seen in steady state models can be argued to exist in the Earth. The intrinsic time-dependence of mantle convection should expose such isolated cells and mix them efficiently into the large-scale flow.
In summary, we are left with the conclusion that models dominated by whole mantle convection, even when moderated by phase changes or more sluggish convection in the lower mantle, cannot preserve large-scale heterogeneity over the age of the Earth. This conclusion becomes more severe when considering that most of the recent models use the present-day convective vigor as a measure. In general, this can be considered a conservative estimate because the convective vigor was most likely higher in the past due to the higher radiogenic heat production. Reconstructions of past plate motions (Lithgow-Bertelloni & Richards 1998) and heat flow (Sprague & Pollack 1980 ) also suggest that the convective vigor at present is moderate within the record since the Jurassic.
IDEAS FOR THE PRESERVATION OF HETEROGENEITY
Several suggestions have been put forward in recent years to try to reconcile the apparent conflict between the geophysical evidence for whole mantle convection (and by extrapolation a well-mixed mantle) and the geochemical evidence for substantial and long-lived heterogeneity. In this section, we review some of the recent concepts and provide a discussion of the strengths and weaknesses. In general, the proposed suggestions for preservation of chemical heterogeneity are variations on one of three themes: inefficient mixing due to physical properties, preservation of chemical heterogeneity by physical barriers, or temporal changes in Earth dynamics.
Convective Layering at 670 km Depth
Several recent studies prefer to retain a form of convection model with a mechanical boundary layer at the base of the transition zone or slightly deeper (Wen & Anderson 1997 , Anderson 1998b . This requires the assumption that the tomographically observed high velocity extensions to upper mantle subduction zones are not due to a mechanical input from the upper mantle, but rather are caused by thermal coupling. The potential for thermal coupling has been demonstrated in modeling studies (e.g., Čižková et al. 1999) , but this mechanism requires a strong mechanical decoupling as well as very efficient diffusive heat transport along the 670-km discontinuity, both of which appear to require very special conditions that are not apparent at other depths in the mantle. As argued by Kárason & van der Hilst (2000) , it may also be quite difficult to explain the present-day mantle structure by thermal alignment along the mechanical boundary of slow moving structures in the lower mantle with rapidly changing structures in the upper mantle. An independent problem with layered mantle convection is the inefficiency of heat transport across the mechanical boundary layer, which would lead to a strong thermal boundary layer and potential overheating of the lower mantle, neither of which is observed (Spohn & Schubert 1982 , McNamara & Van Keken 2000 . Layered convection models also have implications that contradict several lines of geochemical evidence, as discussed earlier.
Interplanetary Dust Particles
An alternative secondary source of primitive noble gases that has been proposed is the subduction of interplanetary dust particles (IDPs; Sarda et al. 1988 , Anderson 1993 , Allègre et al. 1993 . This would be a convenient way to explain the presence of substantial 3 He concentrations in the mantle while being consistent with the lithophile geochemistry that suggests that no primitive mantle has survived mantle mixing. However, the mass of IDP material is not sufficient to account for the 3 He concentration or flux requirements (Trull 1994 , Stuart 1994 , and it is not likely that the volatile content of IDPs survive dehydration and melting of the sediments upon subduction (Staudacher et al. 1989 , Hiyagon 1994 . Kellogg et al. (1999) proposed the existence of a chemical boundary layer in the lower mantle at approximately 1600 km depth. In essence, this is a variation on the "classical" layered model where the boundary is moved to a region that is seismologically more poorly resolved than shallower levels and D". Several seismological studies also hint at chemical and/or thermal heterogeneity. The strengths of this model include the potential for preservation of chemical heterogeneity and a source for the missing radiogenic elements. It shares weaknesses with the layered convection model regarding thermal layering, the likely overheating of the lower layer, and requirements for even higher 3 He concentrations. It can be argued that these problems are more severe in this case due to the much smaller volume of the lower layer and the consequently much higher radiogenic heat production that needs to be assumed (McNamara & Van Keken 2000) . The model conceptualizes large topography at the boundary layer to avoid detection by seismological reflections, and this may also reduce some of the problems with the temperature distribution. Nevertheless, even with an irregular boundary, the large physical differences between the layers would lead to seismic scattering, which thus far has not been observed (Vidale et al. 2001 ).
Deeper Layering
Distributed Blobs
In a variation on chemical layering, it has been suggested that chemical heterogeneity can be distributed as isolated blobs that are mixed in with the large-scale structure (Davies 1984) . This allows for distributed heterogeneity that is difficult to see by geophysical methods but does allow for storage of the various plume components and the missing radiogenic heat. Recently, a version of the blob model has been revived (Becker et al. 1999 ) in which it is assumed that these blobs have a higher viscosity than the surrounding mantle because it has been suggested such blobs do not mix efficiently in kinematically driven flows (Manga et al. 1996) . The large surface-to-volume ratio of small blobs compared to that of a layer allows for efficient cooling of the blobs and hence the ability to retain high concentrations of radiogenic elements (Becker et al. 1999) . Several questions about this model remain unanswered regarding the origin and survival mechanism of these blobs. It is puzzling how such blobs can remain neutrally buoyant and why such blobs would not be seen at mid-oceanic ridges, yet are sampled by dynamically much less important mantle plumes.
Ocean Crust Recycling
A promising set of models addresses the formation and retention of mantle heterogeneity caused by recycling of oceanic crust (Hofman & White 1980 , Silver et al. 1988 , Christensen & Hofmann 1994 , Coltice & Ricard 1999 , which is strongly supported by the Re-Os evidence for a subduction component in hot spot basalts. The formation of basaltic crust at mid-oceanic ridges causes compositional heterogeneity due to processes that include garnet extraction from peridotite to form basalt and harzburgite, degassing upon melting, enrichment of the basaltic crust compared to the underlying mantle, and interaction with the hydrosphere. Upon subduction, the oceanic crust and depleted mantle can potentially form a longlived reservoir at the base of the mantle. Modeling shows that such a recycling mechanism in a five reservoir model (bulk mantle, continental crust, atmosphere, recycled harzburgite, and recycled crust) can account for the observed variations in Rb/Sr and U/Pb/He system (Coltice & Ricard 1999) assuming that the "primitive" (high 3 He/ 4 He) helium isotope signature is caused by the depleted characteristics of the harzburgite and hence low 4 He ingrowth (e.g., Albarède 1998 ). An additional attractive feature of this model is that it is based on plate tectonic processes without the introduction of ad hoc chemical heterogeneity or physical separation mechanisms. A possible drawback is that there is no clear solution for the missing heat producing elements, as the small volume of D" requires very high concentrations of radiogenic elements. This would lead to rapid destabilization. In addition, the U-depletion may not be strong enough to account for the high 3 He signature of many hot spots, which still would require ad hoc processes such as a helium flux from the core.
The Core
Driven by the continuous exposure of the deeper Earth by seismology, there is a logical and perhaps unavoidable tendency to push the locations for chemical heterogeneity deeper into the Earth. The core forms one such reservoir with several attractive characteristics. Some interaction between core and mantle has been suggested based on anomalies in 186
Os (Brandon et al. 1998 ) and the core may be the source for various other signals such as 3 He that have typically been interpreted to correspond to primitive mantle. In addition, the potential storage of radiogenic K in the core (e.g., Bukowinski 1976) would allow for a high core heat flow to compensate the missing heat in the present-day steady state heat balance. In a recent paper, Porcelli & Halliday (2001) conclude that given the current poorly defined noble gas partition data between silicate solid and a metallic liquid, it is not possible to discount the core as a sink for a significant mass of noble gases during core formation followed by later release into the convecting mantle system. At present, both the input and extraction of noble gases from the core require stringent and as yet untested requirements. These include the need for very high noble gas concentrations in the silicate mantle to partition sufficiently into the metal phase during core formation. The process of partitioning and release of both Ne has to occur at near solar ratios (Honda et al. 1991) (Brandon et al. 1998) . At present, the physics and chemistry of the core and core-mantle interactions are not well understood and suggestions for a core source may therefore be considered speculative rather than a viable alternative to the isolation suggested by oceanic basalt geochemistry.
Inefficient Mixing Due to Rheological Variations
The strong temperature-and stress-dependence of mineral deformation processes has been suggested as one key player in the preservation of chemical heterogeneity, by isolating regions with locally high viscosity due to low stress, low temperature, or low water content. In essence, this is similar to the "core-in-cell" model (Tatsumoto 1978 , Schubert & Spohn 1981 in which it is assumed that the largescale circulation is driven by transport through boundary layers while leaving the cores of the cells undisturbed, except when a plume, independent of the large-scale flow, travels through such a core and entrains the material that has been isolated. However, it is far from clear how the geometry of such cells can be retained in the time-dependent convection that characterizes the Earth. Some studies have pointed at the differences in mixing behavior of Newtonian and non-Newtonian fluids, which generally show less efficient mixing of the non-Newtonian models (e.g., Ten et al. 1997) . This effect appears to be dominant at short length scales, and it is not clear if this is sufficient to retain large-scale heterogeneity over long timescales. An important challenge for geodynamical models remains the incorporation of realistic stress-and temperature-dependent rheology. This necessitates a self-consistent implementation of the physics governing plate breakup that remains unresolved, although much progress has been made in recent years (see review by Tackley 2000) .
Recent Break-up of a Layered System
An important distinction between the geophysical and geochemical observations of mantle evolution is that geophysics provides us with a snapshot of the present day structure, whereas geochemistry provides a time-integrated history of the mantle system. As a consequence, it is permissible that the present-day configuration of whole mantle convection was attained only recently and that the Earth was characterized by layered mantle convection during most of its history (Allègre 1997) . Although conceptually attractive, it is not clear how such a dramatic change in convective style would be achieved, nor how it would remain unnoticed in the surface geology. A breakup of the layered system can be predicted to dramatically increase the upper mantle temperature with large consequences for plate tectonics and extrusion temperatures of igneous rocks. However, this is not observed (e.g., Abbott et al. 1993 ).
Radiation and Conduction as Dominant Heat Transport Mechanisms in the Deep Mantle
An important argument against the deep storage of radiogenic elements in large concentrations is that such regions would heat up and convectively mix in with the large-scale flow. This can be counteracted by allowing for efficient cooling, for example, by increasing the surface-to-volume ratio such as in the blob model of Becker et al. (1999) , or, more speculatively, by high efficiency of conduction and radiation. From a dynamical point of view, it would be attractive if the increase in temperature and pressure with depth allowed for a gradual transition between a "convective" and a "radiative zone" in the mantle, which would not be detectable by seismological methods and still allowed for efficient heat transport and the retention of chemical heterogeneity due to the much reduced convective vigor at depth. The reduced vigor may also play a role in stabilizing the large "superplume" areas in the lowermost mantle (Matyska et al. 1994) . However, it is far from clear if conduction and radiation can dominate the heat transport in the deep Earth. Conductivity through lattice vibrations decreases with temperature and increases with pressure (Anderson 1989 , Hofmeister 1999 , but the overall depth-dependent increase through the mantle is estimated to be less than a factor of four, which is too small to dominate convective heat transport. The separate contribution through radiation increases strongly with temperature (e.g., Shankland et al. 1979 ), but decreases due to the effects of grain boundary scattering and the opacity induced by transition metals such as Fe. In general, the effect of radiation is considered small compared to that of conduction lattice vibrations (Katsura 1995 , Hofmeister 1999 ).
SUMMARY AND OUTLOOK
The geochemical and structural state of the mantle today is the result of a complex interplay between the continuing processes of chemical differentiation and the dynamics of the geophysical environment that work to variably preserve or destroy the geochemical record of the heterogeneity. It is becoming increasingly obvious that geochemical models that ignore the dynamic environment in which they are set cannot provide a full account of the Earth's chemical evolution. It is also clear that geophysical models unconstrained by the mass balance and temporal information available from geochemistry will be incomplete. The greatest strength of the layered mantle model to date has been its simplicity, by keeping the number of mantle reservoirs to a minimum and yet accounting for many first-order geochemical observations. Similarly, dynamical models of mantle behavior are driven by fundamental principles of fluid dynamics and mineral physics, and in turn, reproduce first-order geophysical observations. These end-member models provide a clear frame of reference from which future models must evolve. Although we are left with the conclusion that no single model to date adequately addresses all the main constraints of the physio-chemical state and evolution of the Earth's mantle, recent approaches that integrate both the physics and chemistry of mantle behavior are making promising inroads toward the development of a more complete model. Based on our current understanding, an important set of primary constraints can be formulated. These include: (a) the mass balance based on the bulk silicate Earth composition, (b) energy balance as expressed in thermal evolution models, (c) the observed diversity of OIB sources expressed in the lithophile and noble gas tracers as contrasted to the MORB homogeneity, (d ) the petrological and structural evolution of the crust and upper mantle as recorded in the continents, (e) present-day structure of the mantle as observed by seismology, ( f ) time integrated constraints of chemical evolution provided by radiogenic isotope geochemistry, and (g) dynamical feasibility of conceptual models as tested by theoretical approaches.
It is clear that this list poses conflicts such as the need for an internal boundary layer suggested by the mass and heat balance and the seismological evidence for whole mantle flow, or the preservation of 3 He in mantle material that also records the effects of surface melting. Future generations of models need to be consistent with the main constraints and provide a resolution of the apparent conflicts that they pose. Within that context, the communication and creative interplay between geophysical and geochemical approaches aid the exposure of the deeper Earth and its role in the formation of oceanic basalts.
